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ABSTRACT 
An investigation of the bunker consumption as function of speed is made, which tries to identify the behaviour 

of the relationship. A lot of the work is based on a preparatory investigation made by Brita Melén Eriksson at 

NYKCool that indicates that the consumption is expressed with a specific S-shape. The project confirms that the 

consumption reported in the material of the fleet expresses the specific S-shape. The specific reason to why the 

S-shape exists is however not certainly concluded. The behaviour can be found in acknowledged empirical 

methods of Guldhammer & Harvald and Holtrop & Mennen. However, they also suggest that the ship shall 

have other dimensions and have an increased speed in order to the S-shape to be expressed in the residual 

resistance. The statistical analyse of the material suggest an S-shape but with some indications that the S-shape 

might be an illusion within the material because of practical operational conditions or model manipulations. 

Further work is recommended for full comprehension of the problem and a reproduction of the investigations 

by others with equipment and material of higher accuracy is appealed. 
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NOMENCLATURE 
Term:  Description:    Unit: 

Statistics 

lb  lower boundary    - 

ub  upper boundary    - 

R
2
 / R-Square Coefficient of determination   [ ] 

SSR  Sum of Squares Regression   - 

SST  Sum of Squares Total    - 

SSE  Sum of Squares Error    - 

x   observed data point    - 

     mean value of observed data point  - 

y  observed data point, (observed consumption) - 

         estimated data point by model   - 

      mean value of all data points   - 

σ  standard deviation    - 

z  value chosen from table   [ ] 

ccritical  critical value    - 

α  significance level    [%] 

Regression analyse and models 

SDD  Ships Daily Data    - 

PF  Performance Factor    [ ] 

Q24,SDD  IFO + MDO consumption averaged on 24 hours [mt/24h] 

QNYKCool,ref  NYKCool’s current model for consumption-speed [mt/24h] 

   model 

fww  factor or model for adjusting consumption for [ ] 

   wave and wind 

fsw  factor for swell    [ ] 

fdwt  factor for deadweight    [ ] 

dwt   deadweight     [ton] 

days  days since last dry dock   [ ] 

y  independent variable, estimated consumption [(mt/24h)] 

   according to model, estimated data point 

x  dependent variable, reported data point,  [m/s] 

   reported speed 

     model parameter or coefficient vector  - 

           function dependent on data points (vessel speed) - 

   and parameter vector 

∆  delta, change or difference   - 

n  observation/data point index   - 

m  parameter index    - 

Q(V)  consumption as function of vessel speed  [mt/24h] 

Qcon.-speed  model for consumption-speed relation  - 

QPerformanceModel consumption estimated by entire performance model  [mt/24h] 

a  model parameter or coefficient   - 

b  model parameter    - 
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c  model parameter    - 

d  model parameter    - 

E  model parameter, (capital letter used to prevent - 

   confusion with exponential letter e) 

p  model parameter    - 

Linear model 

k  model parameter    - 

m  model parameter    - 

Empirical methods 

Fn  Froude Number    [ ] 

vm/s  vessel speed    [m/s] 

g  earth gravitational constant   [m/s
2
] 

Lwl  water-line length     [m] 

Lpp  length between perpendiculars   [m] 

L   length (water-line length)   [m] 

RTotal  total resistance    [kN] 

RF   frictional resistance    [kN] 

RAPP  appendage resistance    [kN] 

RW   wave resistance/residual resistance  [kN] 

RB   bulbous bow near water surface resistance   [kN] 

RTR   transom resistance    [kN] 

RA   model-ship correlation resistance   [kN] 

     volumetric displacement    [m
3
] 

CP  prismatic coefficient    [ ] 

AM   midship area    [m
2
] 

Propeller 

AE  expanded blade area    [m
2
] 

A0   blade area ratio    [ ] 

P  propeller pitch    [m] 

D  propeller diameter    [m] 

Hull fouling 

k / khull   hull roughness    [m] 

fHullFouling  factor for hull fouling 
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1.0 BACKGROUND 
NYKCool is one of the world’s largest operators of specialised reefer vessels. They operate a fleet consisting of 

45 ships between 380 000 and 760 000 cubic feet cargo capacity. The cargo consists of mainly fruit and is 

transported globally. Many of the vessels has in addition to the specialised lower deck cargos an ability to load 

extra containers on deck combining the advantage of superior lower deck cooling systems with the flexibility of 

containers. 

In charted transportation, contracts written between the involved parts generally infer that the operator is 

accountable for bunker expenses while the ship owner handles the maintenance. The purpose of performance 

modelling in NYKCool’s perspective is to be able to monitor ship owner controlled factors that affects the 

bunker consumption. In addition, performance modelling makes it possible to monitor efforts of improving the 

performance of the ships. 

 

2.0 INTRODUCTION 

NYKCool have today a model that simulates the bunker consumption of a vessel. The performance model have 

in the previous year’s been a subject for improvements. In this report, investigations are focused on the 

relation of the bunker consumption due to speed. Investigations made by NYKCool have made indications that 

the consumption-speed relation slightly deviate from the model simulation. The purpose of this project is to 

investigate how the bunker consumption in relation to speed behaves and investigate possibilities of improving 

the accuracy in the performance model. A vast database is supplied by NYKCool with reports of vessel 

operations. These data is the base material of this project. The introduction describes in-depth details about 

the data and some important preparatory investigations. 
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2.1 THE SHIPS DAILY DATA – SDD 

The statistical material of this report is called the Ships Daily Data, the SDD. The material is collected in a daily 

basis onboard the ship and consists of manmade observations of the ships operational conditions. Because of 

the human error, the SDD is course in nature and has a slow detection of errors. As some errors cannot be 

identified in time, some errors are corrected in future reports. However, the simplicity of the system has the 

benefit of being cheap since no extensive installation of advance sensor systems is needed. It is today difficult 

to motivate the increased cost of implementing a more advanced sensor system since there is a lack of 

knowledge of the magnitude of increase in accuracy compared with the Ships Daily Data. The content of the 

Ships Daily Data is described in Table 1. 

Table 1: The content of the SDD report implemented in this report. 

Data: Unit: Comment: Method: 

Date    

Sailed time hours since last SDD  

Sailed distance nautical miles since last SDD GPS 

Speed knots speed over ground GPS 

IFO
1 

metric ton since last SDD flowmeter 

MDO
2 

metric ton since last SDD flowmeter 

Wind direction  24 hours mean anemometer 

Wind force  24 hours mean anemometer 

Swell direction  24 hours mean observation 

Swell force  24 hours mean observation 

Draught For meter  calculations based on hydrostatic information 

Draught Aft meter  calculations based on hydrostatic information 

Propeller 
revolutions 

number of 
revolutions 

Total of revolutions 
since last SDD 

tachometer 

Deadweight ton  calculations based on hydrostatic information 

Containers on 
weather deck 

FEU
3 

  

1
IFO; Intermediate Fuel Oil; mixture of diesel and bunker fuels. 

2
MDO; Marine Diesel Oil 

3
FEU; Forty-foot equivalent unit. 

 

The directions of which the wind and wave approaches the ship are reported using an even distribution of eight 

directions defined as in Figure 1. If calm weather makes it impossible to determine direction, zero (0) is 

returned. When the observer is confused or the direction varies a lot, the status code nine (9) is used. 
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Figure 1: Status code for reports of wind and swell directions. 

The wind force is reported according to the Beaufort scale. The Beaufort scale is divided between different 

wind speeds, which affect the significant wave height. The Beaufort scale expresses the energy in the wave 

system that the ship has to endure. The Beaufort scale is described in Table 2. 

Table 2: The Beaufort scale. 

Beaufort 
scale: 

Wind speed: 
[m/s] 

Significant wave height 
[m] 

0 < 0.3 0 

1 0.3 – 1.5 0.0 – 0.2 

2 1.6 – 3.4 0.2 – 0.5 

3 3.5 – 5.4 0.5 – 1.0 

4 5.5 – 7.9 1.0 – 2.0 

5 8.0 – 10.7 2.0 – 3.0 

6 10.8 – 13.8 3.0 – 4.0 

7 13.9 – 17.1 4.0 – 5.5 

8 17.2 – 20.7 5.5 – 7.5 

9 20.8 – 24.4 7.0 – 10.0 

10 24.5 – 28.4 9.0 – 12.5 

11 28.5 – 32.6 11.5 – 16.0 

12 > 32.6 > 14.0 

 

The swell is reported using the Douglas sea state described in Table 3. 

Table 3: Modified Douglas sea state. 

 [m]               Wave height 
Wave length 

Low 
( 0.3 – 1.8 ) 

Moderate 
( 1.8 – 3.7 ) 

High 
( > 3.7 ) 

Short ( 0 – 90 ) 1 3 6 

Average ( 90 – 180 ) 1 4 7 

Long ( > 180 ) 2 5 8 

Confused - - 9 

No swell - - 0 
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2.2 PERFORMANCE MODELLING 

Within this report, performance modelling refers to the attempt to model the bunker consumption of a vessel. 

The performance model used today takes consideration to weather conditions, deadweight, and vessel speed 

as shown in equation (2.1). The numerator of the performance factor consists of the reported bunker 

consumption Q24,SDD, normalised to a 24 hours mean value, thereby the index 24. The modelled bunker 

consumption, the denominator of equation (2.1), consists of NYKCool’s consumption model as function of 

speed and three factors that respectively adjust the consumption level according to wind & wave (index ww), 

swell (index sw) and deadweight (index dwt). The deadweight factor adjusts the consumption level so it would 

represent the ship having the deadweight of the ships banana condition. 

 
24,

,

SDD

NYKCool ref ww sw dwt

Q
PF

Q f f f


  
 (2.1) 

The modelled consumption level should ideally be constant when speed, deadweight or ambient conditions 

such as weather changes; this is the task for the denominator. By comparing the model and the real measured 

level reported in the SDD, the expectation is that the change of the fraction between these will be caused by 

other phenomenon such as maintenance dependent factors. This fraction is called the performance factor (PF). 

The today used consumption-speed model is what NYKCool call the reference consumption model, which is in 

this report denoted as QNYKCool,ref. This consumption level is normalised to consumption levels defined in the 

charter party. It should be noted that further investigations in this report that result in any new model do not 

normalise the consumption to this reference value. 

Banana condition is today a common used term within reefer shipping. Normally the ships performance, such 

as draught, propulsive output and other technical trial data for the ship, is described in the banana condition. 

This condition would correspond to the ship’s cargo holdings being filled up with cargo of similar density of 

bananas. Often when extracting ship specific data, the only easy-to-access information that can be collected 

represents the banana condition. 
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2.3 THE VALIDATION PROCESS 2010 

Eriksson at NYKCool made in a previous project (Eriksson 2011) some improvements of the performance 

model. In the validation process of this project, the consumption-speed model was found to have some 

deviating results. To confirm that the bunker consumption in relation to speed matched the model, the average 

of the bunker consumption as function of speed was drawn in a diagram shown in Figure 2.  

 

Figure 2: This diagram is a copy of the work done in the validation process 
made 2010 by Eriksson. The green line indicates the model and the blue 
dots are mean reported values with adjustments for weather, deadweight 
and swell. 

The green line indicates that the model gives an accurate estimation in general but it does not behave the 

same as the mean value of the consumption. Within some speed intervals, this creates some unwanted effects 

to the performance factor as shown in Figure 3. 

 

Figure 3: The performance factor from the results above shows some 
unwanted oscillation when the speed changes. 
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Note that the model line in Figure 2 has been adjusted in height to better represent the reports. Remember 

that the consumption-speed model is adjusted to levels according to the charter party. This is why the PF does 

not approach one, which could be expected. The corresponding value would here be 0.71. At a first glimpse, 

the deviation from 0.71 may be considered insignificant. However, remembering the purpose of the 

performance model, to be able to visualise increased consumption caused by maintenance dependent factors, 

the change in the performance factor caused by a change of speed should ideally be zero. According to this PF 

diagram, the consumption can be mistaken to be increasing or decreasing of a total ten percent by just 

changing the speed. As the hull fouling causes changes in the same magnitude, the change is significant. 

 

2.4 OBJECTIVES 

Considering the finding made by Eriksson, the main objective is to investigate how the bunker consumption 

changes in relation to the vessel speed. The project needs to identify the real shape the consumption-speed 

model should follow. Further interest is put on the reason to the behaviour. The results should be validated 

and compared with acknowledged research. A thorough breakdown of the objectives is aligned below. 

 Identify the relation between the bunker consumption and vessel speed reported in the SDD. 

 Investigate known empirical methods established by Holtrop & Mennen and Guldhammer & Harvald, 

which describes the relationship between the resistance and vessel speed. Compare these methods 

with the consumption behaviour found in the SDD. 

 Formulate a new or refined function model that describes the bunker consumption as function of 

speed more accurate. 

 Validate the established model by comparing how the model relates to the SDD and explain the results 

found in NYKCool 2010 validation process. 

 Attempt to refine the complete performance model using the refined consumption-speed model. 

 Investigate how statistical methods can be used for improving the quality of the performance model. 
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3.0 METHODS 
Most of the investigations made within this report are based on regression analyses. A regression is a method 

with purpose to find the optimal coefficients of a function in order to adapt the function to real measured data. 

Simply expressed, it tries to adapt a function to a set of data as good as possible. It is important to understand 

that the resulted function of the analyse will always be an estimation of the data. The accuracy of that 

estimation will vary according to the nature of the analysed data and the specific regression algorithm. Before 

any regression can be made, it is vital to understand the behaviour of the data and treat it accordingly. Some 

preparatory work may be necessary before the data can be analysed in order to assure significant results. The 

methods used in this project are presented here in more detail. 
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3.1 STATISTICAL METHODS AND TERMS 

Statistical methods have been implemented in the project as a major part of validation and are used for some 

preparatory treatment of the SDD. These methods are described in more detail in this chapter. 

 

Observations 

In statistics, as described in (Körner and Wahlgren, Praktisk statistik 2002), it is common to talk about 

observations. Observations are in general data or data points that in this projects perspective would be 

reported values in the SDD. Every day would represent one observation, which also contains several different 

data, as described in Table 1. To be able to make a statistical analyse it is crucial to have a certain amount of 

observations in order to get accurate results. As this varies with the task and coarseness of the observations, 

the common sense is of great importance for choosing the lower boundary of sufficient amount of 

observations. This is further discussed in chapter 2.2 Histogram. 

 

Outliers 

Before any processing of the reports can be done, it is important to make sure that values of unnatural 

proportions are removed from the data. These extremes are most certainly incorrect reports that contain very 

high or low values and therefore manipulate the statistical analyse. Svante Körner in (Körner and Wahlgren, 

Praktisk statistik 2002) describes a general method used in statistics for defining such extremes. 

A quantile is a certain value of which the data points are divided between. As an example, the median can be 

considered as such a quantile. Another example is the so-called quartiles, which can be considered as the 

values that divides the complete set of observations into four equal sub-sets, think of quarters. The quartiles 

are illustrated graphically in Figure 4. These quartiles are used for defining the so-called outliers that will be 

removed and treated as extremes in this report. 

 

Figure 4: The dots represent observations that are numbered from 1 to 9. 
The three quartiles can then be defined as above. 

Everything that is outside the so-called outlier distance is treated as outliers and separated from the SDD. The 

outlier distance is defined as 1.5 times the quartile distance. The quartile distance is the difference between 

the values of the first and third quartile. The outliers can be summarised as: 

 
     

     

all values  >  3rd quartile  + 1.5 3rd quartile 1st quartile
outliers  = 

all values  <  1st quartile  - 1.5 3rd quartile 1st quartile

  


 

  (3.1) 
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The Coefficient of Determination (R-square) 

The coefficient of determination, as described in (Körner and Wahlgren, Statistisk dataanalys 2000), will also be 

mentioned as the R-square value further in this report. The coefficient of determination, as can be recognised 

by the sound of the name, is a coefficient that describes how well a regression model fits to the analysed data. 

In more detail, the coefficient describes how well the resulted regression function describes the variation in the 

set of data. If the R-square is close to one, the variation or the behaviour is almost a hundred percent described 

by the equation. If the R-square is close to zero the variation is very poorly described by the equation. There 

are also occurrences where the R-square could be negative. It is easy in this occasion to blame this strange 

happening on flawed calculations. A negative value is however a likely incidence when the regression is very 

poor. In this case, the negative value should be considered as the same as if the R-square would return a value 

of zero. A low or negative value of the R-square could be a result of other variations that has not been correctly 

described, or that the variation may be governed by a different equation. 

The coefficient of determination R
2
 is determined by the equation: 

 

 

 

 

2

22

2

ˆ

ˆ1     where      (1,2,..., nr.ob)

n

n

n

SSR y y

SSR SSE
R SSE y y n

SST SST

SST y y

  



     


 







 (3.2) 

The corresponding denotations are: 

 
n

y  is the individual observation, 

 ˆ
n

y  stands for the corresponding calculated estimation according to the regression function, 

  y  is the mean value of all observations and 

 nr.ob is short for number of observations, 

 SS stands for Sum of Squares, 

 R stands for Regression, 

 E is the notation for Error and 

 T is symbol for Total. 

 

Residuals 

Residuals are frequently mentioned in the report and are with other words the error between the regression 

and the data. The residuals can be described as the core within the brackets of the SSE as calculated in 

equation (3.2). One way of validating a regression is to visualise the scatter of the residuals. If the regression is 

successful the residuals should behave random, this is further discussed later in the report. 
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Confidence interval 

Since the SDD contains errors, the result of the regression is necessarily not absolute accurate. One method of 

validating the regression result is to use a confidence interval. The confidence interval is calculated separate for 

each speed and gives an idea of how accurate the regression result can be considered. If the confidence 

interval follows the regression line tightly it can be considered as rather accurate, and the opposite if the 

interval is very wide. The confidence interval is based on the magnitude of the spread in the analysed material 

and can be considered as a prediction of possible occurrences of how the result may deviate from the obtained 

result. The word “confidence” is of great importance here as it emphasise that the interval is calculated with 

confidence and is not absolute. Remember that the confidence interval is a result of calculations based on the 

author’s opinion of what is correct. Therefore, the confidence interval is an indication that may be used to 

observe the accuracy in the material but should not be considered as unconditional accurate. 

The confidence level of 95 percent is used which is a common used level in general. If a confidence level of 99 

percent is used, the interval becomes approximately 32 percent wider. The small change of confidence level 

therefore has a big cost in interval width. The 95 percent level provides a good compromise between interval 

width and confidence level. The confidence interval of the mean value with a confidence level of 95 percent is 

described as: 

   1.96x
n


   (3.3) 

 where the standard deviation σ is calculated as: 

 

 
2

1

n

n

x x

n



 



 (3.4) 

The calculation of the confidence interval requires the observations to be normal distributed, as shown in a 

probability distribution curve in Figure 5. This means ideally, that the mean value should be in the middle of the 

distribution of the reports and that the reports are distributed symmetrically with a decreasing density of 

reports moving further from the middle, as shown in the probability curve. As described by Körner in (Körner 

and Wahlgren, Statistisk dataanalys 2000) the normal distribution is of less importance when the sample is 

large enough. Further developed, this is a consequence of that almost all natural occurrences can in realty be 

considered as normal distributed if the sample is large enough. What may be considered as “large enough” is 

different from case to case. However, this should be relatively self-explained when processing the data. If the 

material would not be normal distributed this would most certain propagate to strange results. The regression 

line would most certain not be positioned in the middle of the confidence interval. As can be observed in Figure 

5, the mean value is the origin of the confidence interval if the material is normal distributed. The residuals 

should also be found in the middle of the confidence interval, and thereby it should be represented by the 

mean value. Consequently, the mean value and the regression line should approximately be the same and they 

should both be in the middle of the confidence interval. As a result, it can easily be imagined that a deviating 

distribution would give strange results. By using the same logic, it can be reasoned that the mean value of the 

result found by Eriksson in the validation process 2010, would give an accurate estimation of how the 

consumption in relation to speed should behave. 
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Figure 5: To the left, the probability distribution curve of normal distributed 
reports is illustrated. To the right, the implementation of the confidence 
interval calculations is clarified. 

The confidence interval width is determined by the standard deviation and always originates from the mean 

value as shown to the left. To the right, it is graphically clarified how the confidence interval is calculated for 

every separate speed. 
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Hypothesis test 

The hypothesis test is of great importance whenever some statement is to be made. To clarify, imagine the 

occurrence that a vessel seems to have increased bunker consumption, which is a further conclusion of an 

increase of the performance factor. The statement would in this case be that the performance factor has 

increased. A hypothesis test should be made to determine if this could be stated as true with a certain level of 

significance. This is not used in the subject of this report other than presented here as a tool, which can be 

used to determine if a change has occurred, as this is the very purpose of the performance model. 

Two hypotheses are in general lined up. The null hypothesis claims that no change has occurred, in this case for 

the performance factor, and the alternative hypothesis claims that there is a change. 

 H0: There is no change in the performance factor, 1 2 0PF PF   

 H1: There is a change in the performance factor, 1 2 0PF PF  ` 

The hypothesis can of course be altered to whatever statement that should be tested. It could for example be a 

change of a certain amount. In the example, the performance factor is calculated with a mean value of 30 

reports. The example parameters can be considered as: 

 
1

2

1

2

1.01       0.3

1.07       0.2

PF

PF

PF

PF





 

 
 

The difference and change of the performance factor and a new estimate of the standard deviation can be 

calculated as: 

 
2 1

2 1

2 1 2 1=0.06

0.05 0.1
0.03

30 30

PF PF

PF PF

PF PF PF

n n

 






 

 
  

 

 

The calculations indicate an increase in mean performance factor of six percent. 

For the hypothesis test the significance level α is chosen as 5 percent. The hypothesis test will result in a critical 

value dependent on this significance level. The change must be bigger than this critical value in order to 

conclude that the change, with a significance level of 5 percent, is bigger than zero and so the null hypothesis 

can be rejected in favourable to the alternative hypothesis. In other words, if the null hypothesis is true then 

there is only a five percent significant probability that the change is bigger than the critical value. In Figure 6, 

this is illustrated in a probability distribution curve. 



 

21 

 

Figure 6: The significance level of 5 % and the critical value. 

The critical value is 1.65σ. Calculations give: 

 1.65 .03 0.05   

This result says that, if the null hypothesis is true, there is only a five percent chance that the change is bigger 

than 0.05. In this example, as calculated before, the change is 0.06, which infer that there is actually a smaller 

chance than five percent that this change is received. As a result, the null hypothesis can be rejected in 

favourable of the alternative hypothesis. 

The hypothesis test can be summarized as: 

1) Make a null hypothesis and an alternative hypothesis: 

 H0: There is no change 
2 1

0u

  

 H1: There is a change 
2 1

0u

  

 

2) Calculate the difference between the desired values that needs to be compared and an estimate of 

the standard deviation of these two. 

 

2 1 2 1

1 2
2 1

1 2

u u u

n n

 






 

 
 (3.5) 

3) Calculate the critical value 

 2 1         where  1.65  if  5 %criticalc z z      (3.6) 

4) If the critical value ccritical is smaller or equal to the change 
2 1

u


 then the null hypothesis can be 

rejected with a significance level of α in favourable to the alternative hypothesis. 
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3.2 HISTOGRAM 

A histogram is made before any regression is made to make sure that the regression has enough number of 

observations. A histogram works by dividing the defined range into an equally spaced number of intervals. 

Within these intervals, the number of observations is counted. Such a diagram can look as illustrated in Figure 

7, which shows the histogram for the reported velocities of the Crown class. 

 

Figure 7: The speed range of 0 to 25 knots has been divided into 50 equally 
spaced intervals and the amount of observations within these intervals is 
shown as staples. 

As can be seen, the speed range of zero to about 15 knots is directly inappropriate for further analyse. The 

same may be considered for the higher speed range of about 22 knots and above. These boundaries are 

illustrated as dash-dotted vertically red lines and the exact values are presented in the title of the histogram. 

Because of the coarseness in the SDD, it is necessary to choose a big value of minimum numbers of 

observations. It would be a mistake to make a regression on five observations, as these most likely would be 

deceptive. An insufficient amount of observations introduces errors in the regression. If a sufficient amount of 

observations is chosen, these errors are expected to cancel out, as they are random in nature. The essential 

conclusion and consequence of this is that the complete speed range of the vessels cannot be accounted for. 

However, this is not a practical drawback for NYKCool. In total of all the ships treated within this report, the 

fleet has reported 30 to 40 observations in a period of 18 years within this range. Therefore, it is obvious that it 

is rare to operate in these speed intervals. 
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3.3 REGRESSION 

A regression is made in order to adapt the function model as good as possible to the observations of the SDD. A 

regression analyse uses a method to minimise the difference between the function and the observations. In a 

more detailed description, it minimises the squared residuals. Before the regression is made, some treatment 

may be done according to objective. The complete procedure from treatment to conclusion can be described 

as below: 

a) Treat observations according to topical objective. 

b) Make histogram for reported speeds and define speed boundaries. 

c) Make regression within the valid speed interval. 

d) Iterate between b) and c) until satisfactory results are acquired. 

e) Show results and discuss. 

Closer descriptions of the treatments made in respective objectives are presented in respective investigation in 

the report. 

The regression minimises the residuals according to the non-linear least square method, which share 

similarities with the regular linear least square method. The method looks for the parameter vector 

1 2
[ , , ..., ]

m
m    that minimises the summed square of the residuals r. The parameter vector contains in 

other words the coefficients for the function model. 

  
2

2 ( , )n n n

n n

SSE r y f x      (3.7) 

SSE is the notation for Sum of Square Error and yn can be considered as the observations. Since there exist no 

closed-form solution to this equation for non-linear problems, the Gauss-Newton method is used. 

Gauss-Newton approximates the model by a first-order Taylor series linearization and uses the Jacobian matrix 

for finding the minimum. The parameter is updated iteratively using a small step   for each iteration. 

 
1i i

m m m m       (3.8) 

The index notation i is an iteration number and the small step   may also be called the shift vector. Since 

there might be occasions where the method has problems to converge, there are different algorithms that 

improve the method via the shift vector. The algorithm used in this report is called the Trust region algorithm. 

The algorithm is a further development of the Levenberg-Marquardt algorithm. The Levenberg-Marquardt 

algorithm puts a fraction constant before the shift vector, in order to be able to control the size of the step. 

This fraction constant is also referred to as the damping parameter. By iteratively changing the size of the shift 

vector within each iteration, it becomes much easier to get a converging solution. The Trust region algorithm 

takes this even further by restricting the region of the step. Comparing the ratio of the expected improvement 

and the actual improvement observed in the sum of squares, the region is expanded or contracted according to 

how well the approximation perform. 

For further details regarding these methods and algorithms, it is optional to study the references of Wikipedia 

(Wikipedia 2011). 
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Center and scaling 

In this report, the dependent variable xn of some equations will be described as the vessel speed. This is 

however not entirely accurate. Because of the coarseness in the SDD, the regression has been proven to have 

difficulties to converge in many cases. To solve this problem the dependent variable, the vessel speed, is 

normalized with the mean value of all reported speeds v  and the standard deviation of all reported speeds 
v

  

according to equation (3.9). 

 n
n

v

v v
x




  (3.9) 

The resulting coefficients for the consumption-speed function model are therefore adapted for a normalised 

speed and not valid for direct insert of the speed reported in the SDD. For these reasons the mean value and 

the standard deviation is also presented in the results, as these are dependent on the boundaries set in the 

speed range. These values need to be implemented if the results for the coefficients are to be used in further 

calculations. The center and scaling procedure is only applied on the vessel speed unless nothing else is 

mentioned. 
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4.0 APPROXIMATION OF FUNCTION MODEL 
In order to make a regression analyse it is necessary to supply the regression with a function model that can 

simulate the same behaviour as the data expresses. As the data in some cases are very course, this function 

needs to be approximated according to known facts about the nature of the data. One way to get a first stage 

understanding of the material is to visualise the material in a diagram. In order to get an understanding of the 

consumption-speed relation in the SDD, the reported consumption in relation to the ships speed is illustrated 

in Figure 8. 

 

Figure 8: The reported consumption of the Ivory class in the SDD, calculated 
to represent a 24 hours mean. 

As can be observed in Figure 8, it is very difficult to make any conclusions of the relation by just observing the 

relation reported in the SDD. The big cloud of reports does not reveal any specific behaviour without any kind 

of treatment. The relation could be linear, hyperbolic or oscillating. To approach the issue in another way, 

attention is turned to previous work done by Eriksson in (Eriksson 2011). Eriksson made a mean value of the 

consumption for the Ivory class, normalised with the correction factors, at every speed increment of one-tenth 

fracture. A copy of the result in “The validation process 2010” chapter 1.4, Figure 2 is shown in Figure 9. 

 

Figure 9: A copy of Figure 2 of Eriksson's work. 
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The reason to why Eriksson’s work is important is that the mean value should represent the same values as the 

minimum of the residuals if the material is normal distributed. This has been discussed before and as the 

regression looks for the minimum of the residuals, the mean value that Eriksson is showing should be the ideal 

match that the function should follow. For that reason, the typical S-shape or S-form is the specific behaviour 

that the function model should be able to simulate. 

A first attempt to simulate this behaviour would be to make a new regression using the currently used model. 

The regression on the currently used model also creates a reference point for potential refinements of the 

model. The currently used model is presented in equation (4.1), where x is the dependent variable that should 

be considered as the vessel speed while the independent variable y is the bunker consumption. The 

parameters, a, b, and c is the coefficients that the regression tries to optimise such that the resulting function 

describes the SDD as good as possible. 

 
 2b x c x

y a e
  

   (4.1) 

For the first regression, it would be beneficial to make the regression on a vessel that contains as good data as 

possible. Ivory Ace is acknowledged by NYKCool to be one of the reasonably good maintained ships and is 

chosen for the regression. The result is illustrated in Figure 10. 

 

Figure 10: New regression made with the currently used function model. The 
green dots represent the individual reports made in the SDD and the red 
dashed line called Exp2 is the regression line. 

It is clear that this function model does not follow the typical S-shape. There could be two reasons for this. 

Either the function is not able to follow a specific S-shape or the S-shape is not expressed by the SDD. Assuming 

the first statement to be true, the function model should be able to model an S-shape if an additional term was 

added. Therefore, the currently used function model is added with an exponential term x
3
 and a constant to 
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adapt the curve to its natural starting height E, as it does not naturally start at zero. The resulting function 

model is presented in equation (4.2). 

 
 3 2b x c x d x

y a e E
    

    (4.2) 

Note that the function still has the same base as the currently used model and that this new estimate is 

capable of simulating the same behaviour as the currently used model. Just put the parameters b and E to zero 

and the new model is the same as the original. This is very beneficial with the estimated function model, as it 

can still take the same form and behaviour as the original. This means that if the regression prefers the original 

model the method can just put the necessary parameters to zero. The new model is called Exp3 in Figure 11, 

which demonstrates the regression differences between the currently used model by NYKCool and the new 

estimated model. 

 

Figure 11: The new function model is added and called Exp3. 

The new model simulates the S-shape much better but how can the result be secured as correct? One way to 

validate this is the R-square value. The R-square value found in Figure 11 is better for the new function model, 

which indicates that the S-shape is better, but not by much. It is clear from Figure 11 that the two functions 

follow each other rather tight and the dissimilarity is small. This means that from Figure 11 this small change in 

the coefficient of determination can be expected. There are however intervals in the regression where the 

currently used model deviate more. This would overall not generate a big influence on the R-square coefficient 

but it does imply a difference of up to ten percent in bunker consumption within some speed ranges, as shown 

by Eriksson. Nevertheless, the result should be further validated with other methods. 
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Another way of validating the new estimated model is to look at the scatter plot of the residuals from the 

regression. The scatter plot of the residuals for the currently used function model and the estimated new 

model in equation (4.2) is shown in Figure 12. 

 

 

Figure 12: The scatter plot of the residuals for the currently used model Exp2 
and the new estimated model Exp3. 

If the function model simulates the behaviour correctly, the errors between the regression line and the 

reported values of the SDD should behave random. It is easy to imagine why such should be the case and a bit 

harder to visualise to the reader. As all measurements of the realty contain errors for a fact, it cannot be 

expected that the regression will not contain any errors. The regression line will never follow each individual 

data point perfectly. Nevertheless, if the regression line follows the same behaviour as the data, these errors 

should behave random around zero. Imagine that if the errors are not behaving random around zero, then it 

must have some lateral movement or behaviour and this movement or behaviour must be something that can 

be described by a function, as it is not random around zero. Therefore, any behaviour found in the errors 

indicates that the regression line is not fully describing the “story” that the material expresses. As can be seen 

in Figure 12, the upper diagram shows an indication of that the behaviour should look different. It is observable 

that the effect of the S-shape is propagated to the residuals. The lower diagram behaves clearly more random 

and it is difficult to see any specific shape, which further validates the new estimated model as correct. 

An additional way to validate the new estimate of the function model is to introduce confidence intervals of 

the mean value. Assuming that the observations are normal distributed, the confidence interval should confirm 

the regression line. The confidence interval with a confidence level of 95 percent can be seen in Figure 13. 
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Figure 13: The confidence interval of 95 percent along with the new 
estimated function model Exp3. 

The confidence interval confirms the S-shape and follows the estimated function model well. It can be 

concluded that the new estimated function model makes a good approximation of the bunker consumption in 

relation to speed and might further be called the proposed function model. More validations should yet be 

done to other vessels. This will however become clear as further results are presented later in the report.  

 

Additional linear model 

For practical reasons, it has been required to complement the function model with an additional linear term for 

usage in the low speed range. For NYKCool’s implemented computer software, this is necessary in order for the 

model to be accurate even though it may encounter a low speed report not included in the original regression. 

As a result the proposed model is modified according to equation (4.3). 

    3 2expQ V k x m a b x c x d x           (4.3) 

As described earlier the centered and scaled speed is x and it is centered and scaled according to the nonlinear 

regression made on the exponential term. This means that the mean value of the speed and the standard 

deviation of the speed are calculated based on the speeds used in the regression for equation (4.2), and not for 

all speeds. 
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5.0 EMPIRICAL METHODS 
Within the history of shipping, a lot of effort has been put into research and experiments in purpose to predict 

the resistance of a ship. The I.T.T.C.-committee (International Towing Tank Congress) gathers every fourth year 

with the objective to assemble, evaluate and establish methods and models of good quality for use in 

prediction of ship’s behaviour. They have established the widely recognised I.T.T.C.-line, which is also used by 

Guldhammer & Harvald and Holtrop & Mennen in their methods. Moreover, the empirical methods of 

Guldhammer & Harvald and Holtrop & Mennen are widely recognised and implemented in early design 

procedures all over the world. However, it is clearly stated in every literature, in stretch of this report, that the 

methods used for predicting the resistance of ship propulsion should be handled with care. Any predictions 

should be extended with experiments to complement calculations. In this report, this is supplemented by the 

vast statistical material that the SDD supply. The purpose is to examine these established empirical methods 

and compare these calculations against the reported data supplied by NYKCool’s fleet, in order to see if the 

S-shape can be confirmed. 

In marine applications, it is common to present diagrams and equations as function of the Froude number 

instead of vessel speed. The Froude number is the relation between the vessel speed and its length: 

 /m s

wl

v
Fn

gL
  (5.1) 

With the Froude number, it is possible to compare models with full-scale ships even though there still exist 

some additional model-ship correlation effects to consider. By presenting the results in Froude’s number 

instead of vessel speed, it is possible to compare ships with each other even though they do not have the same 

lengths. However, the proportions of the both ships must be the same in order for any comparison between 

those to be valid. For instance, the width-length ratio and the shape of the hull between the ships need to be 

the same. For evaluation issues the regression is presented as function of Froude’s number in Figure 14. 

 

Figure 14: The regression line for the proposed function model presented as 
function of the Froude number. 
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5.1 HOLTROP & MENNEN 

Holtrop & Mennen has established empirical methods that describe the resistance with immense functions. 

This makes it easy to calculate the result of the ship but it also makes it harder to tell how changes in ship 

dimensions would affect the result. The total resistance is described as: 

  11Total F APP W B TR AR R k R R R R R        (5.2) 

Each term represents a separate type of resistance where: 

 RF is the frictional resistance, 

 RAPP is additional resistance due to appendages, 

 RW is the wave resistance, 

 RB is additional resistance caused by bulbous bow near the water surface, 

 RTR is additional resistance due to transom immersion and 

 RA is for model-ship correlation resistance. 

The perpendiculars of the ship Crown Emerald is used for calculations and the result of that calculation is 

visualised in a diagram for increasing Froude number and vessel speed in Figure 15. 

 

Figure 15: The resistance of Crown Emerald as function of speed according 
to empirical methods established by Holtrop & Mennen. 

The results of the total resistance show no indications of any S-shape behaviour. The important observation of 

this result is how the resistances behave respectively. The frictional resistance is more or less linear and the 

residual resistance, or wave-induced resistance RW, becomes the dominant resistance above 20 knots. The 

residual resistance has here an exponential behaviour and what is important to observe is that the total 

resistance follows the same behaviour as the residual resistance. The frictional resistance enhance the 

inclination and decreases the magnitude of any decreasing effects in the residual resistance. Nevertheless, 

according to this result the decrease in the residual resistance will propagate to the total resistance. 
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5.2 GULDHAMMER & HARVALD 

The total resistance of the Guldhammer & Harvald method is very similar to the result shown by 

Holtrop & Mennen. The only difference is the exact values, which also in some extent is very similar between 

the methods. With this said, it would not fulfil any purpose to show the same results over again as the methods 

show the same behaviour of the resistance. Yet something else is very interesting with the method established 

by Guldhammer & Harvald. The residual resistance is not described with immense functions as by 

Holtrop & Mennen. Instead, Guldhammer & Harvald describes the residual resistance with diagrams. This 

makes it easier to see the differences in the residual resistance caused by changes in the ship’s particulars. The 

diagram of residual resistance makes it in other words possible to see other scenarios that reality might take. 

These empirical diagrams of the residual resistance (Guldhammer and Harvald 1974) are a result of systematic 

model tests. The diagrams vary with ship prismatic coefficient, length over the cubic root of the displacement 

and changes as function of the Froude number. An example of such a diagram can be observed in Figure 16. 

 

Figure 16: The residual resistance coefficient as function of speed-length 
ratio as described in (Guldhammer and Harvald 1974). 
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The diagram shows that the distinctive S-shape is recognised in the empirical methods and such the S-shape 

can be considered as a possible phenomenon. A closer look however shows a slightly different image. The 

descent of the residual resistance is expressed at slightly higher speeds than the Ivory or Crown class ever 

approach. Additionally, the prismatic coefficient for the Ivory class is approximately 0.57 which makes it clear 

that the distinctive descent in Figure 14 is not at all in the same matter expressed in this diagram. The reason to 

why the Ivory class is suddenly being used in this chapter is that the original regression of the approximation of 

the function model was made on the Ivory class. So to be able to compare with this regression line, the Ivory 

class is used. The residual resistance of the Crown class is approximately the same and is of course already 

shown in the results calculated according to the methods of Holtrop & Mennen. To make the comparison 

between the residual diagram and the regression line more apparent, the corresponding curve for the Ivory 

class is highlighted with a red dashed line in the residual diagram. 

 

Figure 17: The residual resistance curve for Ivory class shown as a red 
dashed line. 

In order for the empirical result to agree with the S-shape, the prismatic coefficient needs to increase from 0.57 

to at least 0.6 and the Froude number from 0.29 to 0.32. This would infer, for Ivory’s case, a change in speed of 

approximately two knots. In addition, it is important to remember that the effects caused by the frictional 

resistance must be considered. This effect will probably decrease the S-shape descent in the higher speed even 

further. 
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The prismatic coefficient CP is the ratio between the volume displaced by the hull and the midship area AM 

multiplied by the ship’s length between the perpendiculars LPP, see Figure 18. 

 
P

M PP

Volume
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A L



 (5.3) 

 

Figure 18: The ship's prismatic coefficient is determined by the displaced 
volume, the ships midship area and length between the perpendiculars. 

 

The residual resistance 

In order to discuss the result of the residual resistance it is mandatory to understand why the residual 

resistance behave like illustrated in the residual diagrams. The residual resistance is the resistance on the ship 

created by the interaction of the water and the ship hull. In other words, it is a wave-induced resistance. As the 

ship push forward, the water around the hull creates a complex wave system. The system has by Lewis in 

(Lewis 1988) been described as four oscillating terms, each representing an abrupt disturbance in the water of 

the hull. It can be considered as the “four corners” of the hull. These terms combines into a complex wave 

system that each has its own characteristics. It is when these coincide with each other because of the 

interaction between the ships dimensions and speed as the humps and hollows are created in the residual 

resistance. These effects are considered when designing the ship. The designer wants to create a ship hull that 

make use of these hollows in the resistance at appropriate speeds, as the designed ground speed. It is probably 

widely applied, and highly recommended, that the officer on duty is aware of speeds that should be evaded. 

 

  



 

35 

5.3 PROPELLER AND ENGINE EFFICIENCY 

The efficiency of the engine and propeller has also been questioned as a potential cause of the declination. No 

such drastic efficiency difference has however been found. Performance documents have been required by the 

ship owner for evaluation of the engine efficiency. The values presented are measured in performance tests 

and a draft from this is presented in Table 4. 

Table 4: A draft of performance tests made on Autumn Wave. Two tests are done 
for 100 percent load. These are titled as 100.1 and 100.2 respectively. 

Engine load (%) 50 75 100.1 100.2 110 

Fuel pump index 58.0 71.8 85.0 85.0 92.0 

Engine RPM 92.9 106.3 117.0 117.0 120.8 

SFOC (g/kWh) 130.6 127.7 129.5 131.4 131.0 

 

As seen, the Specific Fuel Oil Consumption (SFOC) differ some grams per kilowatt-hour. The difference is small 

and the performance is presented in a diagram shown in Figure 19. 

 

Figure 19: The SFOC diagram gathered from the performance test of 
Autumn Wave. 

The tendency is similar to all cargo ships. The engine is build to have its peak performance at 75 percent load, 
which would correspond to the ships ground speed. This behaviour does not explain the presence of an 
S-shape. 
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For propeller efficiency evaluation, the methods described by the Wageningen B-Series propellers diagrams 
(Bernitsas, Ray and Kinley 1981) are used, an example of such a diagram is shown in Figure 20. 
 

 

Figure 20: The Wageningen B-Series propeller diagrams are one of the broadly 
recognized methods for propeller thrust calculations. The series was chosen for its 
convenient functions that describe the diagrams numerically. 

The diagrams are implemented numerically along with the engine efficiency. The bunker consumption for the 

Holtrop & Mennen described resistance is calculated with the result shown in Figure 21. 

 

Figure 21: The bunker consumption of Crown Emerald calculated from the 
resistance described by Holtrop & Mennen with consideration to efficiency 
changes in engine and propeller output. 

The result would look similar regardless of ship used for calculations in NYKCool’s fleet. The dominant 

dependent part is that of the resistance. The resistance curve will express how the consumption rate will look 

like, even though efficiency will increase or decrease the fuel consumption in general. The efficiency curve for 

the engine also looks completely different from the bunker consumption, which confirms that it does not 

influence the over-all behaviour of the bunker consumption. 
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5.4 DISCUSSION 

As have been presented here, the empirical methods do recognise the specific behaviour that is typical for the 

S-shape. The methods however suggest that the dimensions and the speeds for the ships in NYKCool’s fleet are 

insufficient to explain the presence of an S-shape in the SDD caused by the residual resistance. As have been 

discussed before, the literature infers that these methods are rough estimations. The methods have moreover 

been quite difficult to calculate accurately as the methods refer to some significant increases in the resistance 

due to variations from the “normal” hull shape. It is not clearly stated what can be considered as a “normal” 

shape nor has it been clarified to what extent these methods are accurate. Ultimately, there is a lack of 

experience among the author of this report and NYKCool for comparing these methods in relation to realty. 

The extent of the inaccuracy of the methods is unclear and this makes it difficult to conclude anything for 

certain. It can however be concluded that the physical phenomenon of the S-shape is recognised by the 

empirical methods but that the methods suggests that the S-shape should not exist for the specific ships in this 

report. 

It should also be mentioned that there is a significant difference between the resistance curves presented and 

the practical interpretation of the bunker consumption within the SDD. The empirical methods describe the 

resistance of the ship when dragging the ship, or rather the model, forward. The resulting resistance is 

measured by the force between the forwarding force and the ships repel. The resistance created by the ship 

and its surroundings are in other words measured directly without any interference of mechanical efficiency or 

complications. Within the performance modelling of the SDD however, the circumstance is different. The SDD 

returns the engine’s interpretation of the resistance since it reports the bunker consumption. The bunker 

consumption measures how the engine performs, not directly the ship. A further develop of this discussion is 

delayed to the final discussion. 
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6.0 REGRESSION WITH SPEED BOUNDARIES 
This chapter intends to validate the regression results for Ivory Ace by further analyses on other vessels. In 

addition, a reference is required before any further investigations can be made. According to recommendations 

by Fredrik Bender, the regressions are made class wise. This is due to the fact that the ships in a class have the 

same perpendiculars. By merging the SDD’s of each ship into a class, the number of observations is significantly 

increased. This provides a much higher accuracy in the regression analyses. Before the regression can be made, 

the histograms for the speed are evaluated in Figure 22. 

 

Figure 22: The speed distribution of Ivory, Crown and Family class with the 
resulted speed boundaries plotted as red dash-dotted lines. The title for 
respective class shows the lower boundary (lb) and upper boundary (ub). 

It can be observed in the histograms that the SDD is concentrated around a speed range of about 13 to 22 

knots. The boundaries for each class are chosen separately for the best possible regression fit. The boundaries 

are chosen by a compromise between the width of the treated speed range and the goodness of fit in the 

regression. It is in the best interest to have a wide speed range included in the regression but these boundaries 

must also be limited according to the regressions ability to fit the data with adequate result. These results are 

highly dependent on enough observations in the treated area. This is why it gets rather self-explained how 

many observations must be included in the regression. If the speed range includes speeds with very few 

reports, the regression itself will become poor or show unreasonable results. The resulted boundaries are 

presented above in respective histogram title and the resulted regression is presented in Figure 23. 
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Figure 23: Regression result on class specific reports 

It can be concluded that the S-shape is confirmed by all three treated classes. It is furthermore confirmed by 

the confidence interval and a good R-square value, higher than 0.71 for both Ivory and Family. The result also 

indicates that even though the SDD is adjusted accordingly to reported wind, waves and deadweight, the SDD is 

very course in nature. For Family, the consumption rate differs from about 35 to 50 metric tons per day in the 

speed of 20 knots. This is substantial and concludes that evaluation on individual reports in the SDD is 

impossible in the current state. 

Noticeable is that the Crown class have a significant low R-square value in relation to the others. This should be 

more investigated. The low R-square value indicates a possibility that the treatment of the Crown class is to 

some extent flawed. There is therefore a possibility of some behaviour that is not properly described by the 

models. The poor fit can however also be explained by larger errors in the Crown’s material in general. If there 

is any function that could increase the accuracy, it should be visual in the residuals. The scatter for the residuals 

is shown in Figure 24. 
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Figure 24: The error between the regression estimation and the real reported 
values are shown here for the Crown class. 

The scatter of the errors behaves random in nature, which indicates that the coarseness of the SDD is the cause 

of the poor R-square value. However, there still exists some doubt about the model in the deadweight factor. 

Bender suggested in his work (Bender 2010), that the deadweight factor gained a significant increase in 

accuracy when it was made class specific. When the factor for the deadweight was implemented in NYKCool’s 

system, this detail was overlooked and the deadweight factor model was not adjusted accordingly. It is possible 

that this is the reason to the poor R-square value and it will be further investigated later in the report. 

As mentioned before, the purpose of making a new model of the speed-consumption model is to make the 

performance factor constant regardless the change in speed of the vessel. A way to validate this is to calculate 

the mean value of the performance factor as function of speed. This is shown in Figure 25. 

 

Figure 25: The average of PF is calculated for every reported consumption in 
the SDD in relation to the speed with an increment of one-tenth fraction. 

For Ivory, the mean value between 17 to 21 knots seems to be constant around the value one. In the lower and 

higher speed ranges, close to the boundaries, some significant scatter can be noticed. Insufficient number of 
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observations in these ranges is the most certain cause of this effect. It can be confirmed that the number of 

observations is rather low at the boundaries when observing the histograms. 

For Crown, the mean value can also be considered as quite constant even though the scatter is slightly higher. 

This furthermore suggests that the accuracy in the reports concerning the Crown class contains larger errors. 

Just as for Ivory, the scatter close to the boundaries is considerable. 

For Family, the performance factor is showing more inaccuracy and scatter. It also oscillates quite drastic in the 

speed range above 19 knots. One likely cause of this is the special propulsion configuration of the ships in the 

Family class. The class is equipped with propellers of adjustable pitch control and when the Family ships 

approach higher speeds, a shaft generator connected to the main engine is disconnected in order to get more 

power for the propulsion. This configuration can cause inaccuracies in the regression analyse which might 

explain the strange results. 

The oscillation found in the PF-diagram by Eriksson, presented in Figure 3, has been improved, yet some 

oscillating can still be found. The difference is however smaller. The regression can never become perfect and 

the goodness of the fit is ultimately dependent on the number of observations in each speed increment and 

the accuracy of the reports. 

 

Figure 26: A copy of Figure 3, Eriksson's result of the PF when validating the 
consumption-speed model. 

 

6.1 DISCUSSION 

The results presented in this chapter strongly suggest that the presence of the S-shape is expressed by the SDD 

material. As the performance model however manipulates the material this is also a possible reason to the 

presence of an S-shape. Some further investigations of the models need to be made. At this stage, there exist 

some suspicions about the deadweight model and some possible unknown effects caused by performance 

changing factors, such as hull fouling. These two suspicions need to be investigated further. However, it is 

already possible in some extent to discuss the results found by Eriksson in the validation process 2010. Eriksson 

calculated the mean value of the consumption and of course, the first question that comes up is if the mean 

value is an accurate estimation of how the relation should look like. The assumption of the material being 

normal distributed and the confirmation of this assumption at this stage, can confirm that the mean value is a 

correct estimation. If the collection of the reports for every individual treated speed can be considered as 

normal distributed, the mean value is the optimal estimated value of the relation, as the mean value is the 

origin of the distribution. 
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7.0 INVESTIGATION OF DEADWEIGHT MODEL 
The deadweight factor adjusts the consumption levels of the actual loading condition into the consumption 

rate representing the ships banana condition. Naturally, some of these loading conditions lie far from the 

banana condition. As a result, some consumption levels will experience considerable adjustments. For this 

reason, there are suspicions that the deadweight correction factor might introduce errors within the 

performance model. It would be interesting to see how the deadweight factor performs when this model is put 

to test. 

The investigation will alter the factor into two separate factors. One factor will be unchanged, but the 

calculations made with this factor will only treat loading conditions that is close to the banana condition. In the 

second factor, the reference point of the banana condition will be replaced with a reference point equal to the 

ballast condition. This replacement will cause all calculations based on the second factor to adjust the actual 

consumption levels to represent the ballast condition. The calculations will only treat loading conditions that 

can be considered as ballast condition. It is anticipated that these two alternative factors will cause strange 

visible effects if the model is incorrect. If the deadweight factor makes accurate adjustments, the different 

separations should show the same behaviour. 

It is believed that the ballast condition and the loading conditions can be identified in the histogram of the 

SDD-deadweight’s. The histograms for the three classes of Ivory, Crown and Family are shown in Figure 27. 

 

Figure 27: The deadweight distribution of Ivory, Crown and Family class. 
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As illustrated in Figure 27, the distribution clearly have two protruding maxima. These maxima would represent 

the ballast and loaded condition. It is clear that the ballast condition of these maxima is the one at the lower 

interval and the banana condition at the higher range. As for Family, the loading conditions are more spread 

out and so the banana condition interval must be wider. The resulting boundaries of the deadweight in 

percentage are presented in Table 5. 

Table 5: The boundaries used for division of the reports considering deadweight. 

 Ballast Banana 

 Lower Upper Lower Upper 

Ivory 21 39 54 72 

Crown 20 48 65 85 

Family 18 29 42 83 

 

The SDD is divided and filtered into the ballast and banana distributions as shown in Table 5. Just as described 

in the previous chapter the distribution for the speed is investigated, which is presented in Figure 28. 

 

Figure 28: The speed histogram after the SDD have been divided into 
divisions of banana and ballast condition. 
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The regressions of these divisions are, after the pre-work filtration of the SDD, made the same way as the 

previous regression. The regression result for the different divisions of banana and ballast are merged and 

displayed in the same diagram, along with the original regression shown in previous chapter. 

 

Figure 29: The regression result of the consumption model for the Ivory 
class. The regression line titled as "ALL" is the original regression with all 
loading conditions of the SDD. 

Figure 29 shows the result for the Ivory class. The typical S-shape behaviour can be confirmed to be the same 

for both the original regression and the two new regression lines according to banana and ballast condition. 

The regression line for ballast condition shows a lower consumption rate, which can be considered as natural 

and expected. The result indicates that in the case for Ivory, the deadweight factor performs well and makes 

accurate adjustments. 

 

Figure 30: The regression result of the consumption model for the Family 
class. The Froude number is displayed on the top axle. 

For the Family class the investigation also gives expected results. The R-square values are rather good and the 

different regression lines is behaving like have been described for Ivory. The result further confirms that the 
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deadweight model makes accurately adjustments to the Family class. 

 

Figure 31: The regression result of the consumption model for the 
Crown class. The number of observations along with the R-square is also 
presented in the figure. In this text “CROWN” is mentioned which would 
represent the regression line titled as “ALL”. 

In Crown’s case shown in Figure 31, the result is however showing some strange effects. The regression line for 

the banana condition is showing a lower consumption rate than the original regression. This is a very strange 

result, as the original regression containing all of the loading condition should represent the mean value of all 

loading conditions. In addition, the regression line for ballast conditions is showing a lower inclination rate of 

the consumption. The result for the Crown class further suggests that the deadweight correction factor might 

not be suitable to the Crown class. As a result, the deadweight factor should be remade to a class specific 

factor. This will further be treated in the later attempt to improve the performance model. 

 

7.1 DISCUSSION 

It is clear that the investigation made in this chapter further validates that the S-shape is still apparent in the 

material of the SDD. The reader might find the non-existing S-shape of the regression line for the banana 

condition for the Crown class to be interesting. However, this is most certain only a result of the chosen speed 

boundaries. The speed range is cut-off before the regression line can make the S-shape apparent. 

As can be further observed in the histograms of the three classes, the boundaries for the deadweight are 

chosen rather different. For the Crown class the ballast condition division might be a bit too wide and for 

Family the loading condition division is very wide. Of course, these boundaries can be discussed indefinitely but 

the result still shows indications of the behaviour of the deadweight model. It can however be questioned if the 

approach of the problem is optimal. The investigation could be further consistent if the relation between the 

deadweight and the consumption due to adjustments made by the deadweight model was visualised in a 

diagram. 
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8.0 HULL FOULING INFLUENCE ON CONSUMPTION BEHAVIOUR 
The ability to visualise when the ship consumes more bunker than usual is the main goal of the success of an 

accurate performance model. This is expressed through the PF-trend diagram, which shows how the 

performance factor changes with time. Each week the SDD is gathered for 800 hours back in time, and the 

mean value of the performance factor of these 800 hours is calculated and drawn on the diagram. This 

mean value of a performance factor is further on called the running average of the performance factor.  If the 

diagram shows a positive inclination, the company can warn the owner of the ship to take actions against a 

most certainly increase of bunker consumption. The increase in consumption might for instance be caused by 

engine efficiency, hull fouling or propeller fouling. 

By dividing the SDD into different ship performances of bad, normal and good, the anticipation is to distinguish 

changes in consumption rate with hull fouling. It might be possible that the hull fouling influence the behaviour 

and thereby create the S-shape. The ship is probably not able to withhold the same top speed when subjected 

to extensive fouling as when the ship is recently dry docked. The crew might also take actions when notified 

about the higher consumption rate and thereby influence the shape of the consumption behaviour. 

 

8.1 EFFECTS OF HULL FOULING 

The major concern of the performance model is to discover hull fouling, regardless if it is due to poor hull 

treatment or long time interval between dry dock. Just as with the resistance of the ship, there exist empirical 

methods for calculating the hull fouling. Lewis (Lewis 1988) and Townsin (Townsin 1986) mention the increase 

of the frictional resistance C
F

  as a result of increase in hull roughness khull   as described in equation (8.1). 

 

1/3

3 x 10 105 0.64F

k
C

L

 
   

 
 (8.1) 

To visualise how this would affect the resistance of the ship in relation to speed, the relation is calculated for a 

k value of 120 to 150 micrometer with an increment of 10 micrometer for speeds of 17 to 21.5 knots. The 

result is illustrated in Figure 32. 
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Figure 32: The relative effect of increase in hull fouling calculated for 
Crown Emerald with a length L of 135.74 meter (the water line length) and 
wetted surface S as 2214 square meters. The water is assumed to have a 
density of 1024 kg per cubic meter. 

The right diagram show that the resistance increase could be estimated as linear with the increase of hull 

roughness. The left diagram indicates that the change over the speed interval is linear.  In practice, the effect of 

hull fouling is however complex to predict as the hull fouling might change from period to period dependent on 

area of operation or maintenance routines. It should however be possible to extinguish the specific behaviour 

in a PF-trend diagram. Using the running average of 800 hours of the performance factor, the PF-trend is 

calculated for Ivory Ace and shown in Figure 33. 

 

Figure 33: The performance factor as function of time based on a running 
average of 800 hours. The red vertical lines shows when the ship left dry 
dock. 

The PF-trend diagrams naturally need to be investigated separate for individual ships, as these behave and 
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operate separate. For Ivory Ace the PF-trend can be considered as jumpy, which is generally the case for 

PF-trend diagrams. In the big picture however, it is possible to distinguish a pattern in the diagram. It is 

noticeable that the performance factor generally increases before dry dock. Also noticeable is that the mean 

value across the whole time spectrum, as shown in Figure 34, increases with time. This would imply that since 

the beginning of the SDD, the hull have decreased in smoothness despite several dry docks. This makes sense 

since it would be very hard to make the hull as smooth as new. 

 

Figure 34: The performance factor as described in Figure 33 with illustrating 
mean lines drawn between docks and the major part of the time spectrum. 
The time after the last dry dock show a strange result that may be an effect 
of the changing of the ship-owner in this period. 

Note that the trend seems to decline before the actual dry dock, making the peaks shift slightly to the left. This 

is strange since the PF-trend calculations should make the trend diagram to be shifted to the right of the 

dockings, if shifted at all, as a consequence of the time average procedure. These peak declinations before dry 

docking are probably caused by temporary actions against hull fouling due to warnings from the operator. 

Shortly after, the owner has made sure to dry dock the ship. 
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8.2 REGRESSION 

A regression is made on Ivory Ace divided into bad, normal and good performance. The regions are separated 

according to calculated performance factor. The span between the vessels maximum and minimum 

performance factor is divided into three equally spaced intervals, which represents the bad, normal or good 

performance. It should be noted that due to insufficient number of reports in the low speed range, a linear 

regression for the low speed area is in this investigation affecting the non-linear regression of the higher speed 

in a negative manner. The linear part of the regression for the low speed range is therefore skipped in this part 

of the report. The result for the regression is shown in Figure 35. 

 

Figure 35: Ivory Ace regression based on the PF-trend division. 
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For an easy comparison, the regression lines are merged and shown in Figure 36. 

 

Figure 36: The regression lines is merged into the same plot and 
complemented with an axis showing the Froude number. 

The result still indicates that the S-shape is preserved in the SDD. The bad performance line shows a slightly 

less S-shape behaviour than the rest. This is probably due to the lack of number of observations within this 

regression, as it is limited below thousand reports. The general consumption level seems to increase from good 

to bad performance, which confirms that the separation was to some extent successful. There are no 

indications in this result of any effects that changes the behaviour of the consumption-speed relation. 
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8.3 DISCUSSION 

This investigation has caused a great challenge within the project. The major problem is to divide the 

performance into the three types of good, normal and bad performance. In a previous approach, the 

performance was divided regarding to how it behaved in the PF-trend diagram. If the PF-trend showed a 

sincerely peak, the performance was considered as bad and all the reports for that period were placed into the 

bad performance section. This method created a very subject opinion of what was considered as bad or normal 

performance, which also was very different between ships. The result of that investigation behaved as a result 

random in nature. The approach presented in this report has shown a more consistent result. The divisions of 

bad, normal and good performance can however still be questioned. What would happen if the sections were 

made different? The approach itself is tricky and the problem could be approached different. One example of 

how that could be made is to visualise the consumption in relation to performance factor. 

The method presented here only uses the mean value as a reference point. That does not necessary imply that 

the hull fouling can be considered as bad or good in any of the cases. As no correction is done for other 

performance-affecting phenomenon such as engine problems, global currents, seawater salinity etc., it cannot 

be certain that the performance change is caused by hull fouling at all times. The expectation is that the 

average procedure will minimise the influence caused by other phenomenons other than hull fouling but as can 

be observed in the rather jumpy PF-trend diagrams, this cannot be considered as confident for all cases. 
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9.0 ATTEMPT OF REFINED REGRESSION 
As the previous investigation showed, there might be a flaw within the deadweight model. It might not be 

suitable for calculating deadweight adjustments for the Crown class. In addition, the investigation of hull 

fouling effects on the consumption-speed relation was recommended to be approached in a different matter. 

This chapter tends to develop these investigations further. 

9.1 THE DEADWEIGHT MODEL 

The investigations made in this report concluded that the deadweight factor might be to some extent 

inaccurate. At least it showed that it was probably not suitable for adjustments to the Crown class. Fredrik 

Bender recommended that this model should be made class specific for increased accuracy. Therefore, the 

deadweight factor is reanalysed. The deadweight factor has however been to this point more complex than 

could be considered as necessary. Therefore, the function model for deadweight corrections is remade and 

simplified. It should be noticed that the new model does not adjust the consumption levels to the banana 

condition. 

 dwtdwtf a b    (8.2) 

At this point, because of problems of getting adequate results, the deadweight model is normalised and 

centered according to the same procedure as the consumption-speed regression. Unfortunately, any new 

regression made on the deadweight factor seems to decrease the accuracy of the model. The deadweight 

factor results for the Crown class are presented in Figure 37. 

 

Figure 37: The results of the reanalyse of the Crown class of the deadweight 
model. The left diagram shows the regression on the deadweight and the 
right diagram shows the consumption-speed regression. 

The R-square value has decreased in the attempt of refining the deadweight model. This behaviour has been 

observed regardless of treated class. It is difficult to imagine why the analyse gets to this disappointing result. 

Some other approaches of the deadweight model have been tested but with the same result. This result is 

typical for regression analyse of this kind of material. Sometimes, it is very difficult to get adequate results of 

the regression because of the nature of the material. It is recommended to focus further work on investigating 

other possible means that might improve the regression result, such as investigating possible pre-treatments of 

the data. 
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9.2 INFLUENCE OF HULL FOULING 

In the previous chapter, the performance of the ship was divided into three different performance sections. 

The method was however criticised of its vague definitions of the three separations. A completely different 

approach would be to simulate the behaviour of the hull fouling. It is possible that an attempt to model the hull 

fouling would bring order to some of the scatter within the SDD and increase the accuracy of the performance 

model. The hull fouling has been empirical described in (Moody 1996) as: 

 
days

    [%]
days

F

a
R

b


 


 (8.3) 

This equation describes how the frictional resistance would increase as a function of days from dry dock. The 

equation describes a hyperbolic function displayed in Figure 38. 

 

The above function does not however describe a phenomenon observed within the SDD. The hyperbolic 

function describes a hull fouling that increases drastic from first day after dry dock and levels of as it 

approaches the maximum increase in resistance. However, the specific effect of hull fouling is naturally very 

different dependent on methods of hull treatments, chemical components of hull coating and operational area. 

It becomes clear when observing the PF-trend diagrams that the hull fouling does not entirely behave like 

suggested in this equation. For Ivory Ace, the experience seems to be quite the opposite. The hull coating is 

very effective and prevents any marine growth for some period. After that period, it can be observed that the 

coating seems to either vanish or decrease in effectiveness rapidly, creating the swift and fierce peaks in 

increased bunker consumption. The biggest problem with hull fouling, as have been experienced within the 

SDD, is that the hull fouling behaviour changes between dry dock periods and ships. It is particularly obvious 

whenever a ship changes owner or the owner makes researches of new maintenance methods. Not only must 

the regression analyse be made separately for each dry dock period but also the general behaviour is 

sometimes different. Optimal would be if the performance model could detect the model that simulates the 

hull fouling best for the specific period and use that for regression within the specific period. Such an adapting 

algorithm would however consume a considerable amount of time to construct and might be difficult to 

implement. 

The regression has been made using a model that would benefit the Ivory Ace. The model that would represent 

this increase in consumption would be of an exponential type. The function presented in equation (8.4) has 

been used for an attempt of improving the regression result. 

 
( days)    [%]b

HullFoulingf a e    (8.4) 

However, because of the changing behaviour of the hull fouling, the model has proven to be none beneficial in 

general use for the three classes treated in this report. Therefore, the model that should be used must be able 

Figure 38: The hyperbolic function 
described by equation (8.3) with the 
coefficients a and b equal to 90 and 
405 respectively as according to 
(Moody 1996). 
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to adapt relatively well for all kinds of models and the simplest model suited for this task is a linear model. The 

linear model presented in equation (8.5) would probably not decrease the scatter but it could still improve the 

model in general. Furthermore, it would be interesting to investigate if a hull fouling model could change the 

shape of the consumption-speed relation. 

 days   [%]HullFoulingf a b    (8.5) 

The hull fouling factor presented here is also centered and scaled before further treatments. A new regression 

is made which includes both the new deadweight factor according to equation (8.2) and the additional hull 

fouling factor. The results for the reanalyse of the Crown class are shown in Figure 39. 

 

Figure 39: The reanalyse of the Crown class with a remade deadweight 
model and an additional hull fouling model implemented within the 
regression. 

The left regression analyse shows the regression of the hull fouling factor at the last dry dock period. This 

regression differs between periods and has more often an increasing inclination rather than the decreasing 

inclination showed in this period. The regression shows indications of that the regression in total have actually 

increased in accuracy despite the decreased accuracy caused by the previous deadweight regression. The result 

is very promising, since it shows that the performance model might still be improved by implementing 

additional models. In this result, the total improvement is yet marginal, but it would be interesting to see how 

the other classes behave. 
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Figure 40: The refined regression results for new implemented deadweight 
model and additional hull fouling model. 

The results for the Ivory and Family class shows different indications. For the Ivory class, the goodness of the fit 

has actually decreased. Unfortunately, this has been observed in many reanalyses of the Ivory class. Any 

attempt of improving the Ivory has to this point failed and resulted in a decreased accuracy. It should also be 

mentioned that the Ivory class is the best fitted class from the original regression. It is also noticeable that the 

scatter in the higher speed range of about 20 knots has increased. This effect has been seen to become more 

severe at other regression attempts. Figure 41 shows the regression results for the Ivory class before the 

deadweight and hull fouling factors was centered and scaled. 

Except for the Ivory class, the result is very interesting. As for the Family class, there is some significant 

decrease in the typical S-shape behaviour and the consumption does not have the typical decrease in the high-

speed area in the same extent as before. This indicates that the S-shape might be an illusion created by the 

material or the models themselves. Of course, one result is not adequate to make any drastic conclusions, but 

the results is still interesting since the Family class also show the best improvement in R-square value. 
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Figure 41: The result of a regression made before the models was 
normalised and centered. The original regression has a R-square value of 
0.7303 and the refined attempt has decreased to 0.3053. 

In the result above, the scatter has increased to severe levels at speed ranges around 20 knots. This also 

indicates how difficult it sometimes can be to get adequate results from the regression. 
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9.3 DISCUSSION 

The results indicate that it is possible to increase the accuracy of the performance model by implementing 

more models. Furthermore, as have been shown by the Family class, some implementations of more models 

cause a different behaviour of the material. The comprehension of the material is of course the most important 

objective of making these investigations. It is important to understand how the material should be treated and 

how the specific bunker consumption really behaves. If the S-shape is an illusion, implementations of additional 

models in the performance model could increase the understanding of the SDD material. 

In the results above, the reanalyse of the deadweight factor has to some extent been a failure. The reason of 

this has not yet been concluded. As have been mentioned, sometimes it is very difficult to get adequate results 

from the regressions. It is recommended to make further attempts of improving the deadweight model. It is 

important to analyse which different approaches of the problem can be used. How should the objective 

function look like, what should be minimised and should the regression be made on untreated data or maybe 

the mean value of the data? What is the best model to simulate the behaviour and should the deadweight 

model adjust consumption rates to some reference value, as the banana condition? These questions need to 

be investigated. As surely can be realized by the very breakdown of these questions is that it is actually very 

difficult and time demanding to analyse just one of these models. There are many possible approaches and it is 

difficult to predict the outcome before an attempt has been made. 
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10.0 IMPROVING THE PERFORMANCE MODEL 
Until this chapter, the focus has been put on the consumption-speed model with some investigations of how 

this behaviour changes with different hull fouling or loading conditions. This chapter tends to go further by 

attempting to improve the complete performance model. The expectation is that the refined consumption-

speed model will make it possible to improve the other models in the performance model as some of the 

scatter in the SDD is described with a higher accuracy. 

 

10.1 REDEFINED WAVE & WIND FACTOR 

The currently used model for adjusting the consumption according to wave and wind induced resistance, is a 

function of the Beaufort scale and the coefficients are taken from a table dependent on wind direction. It 

would however be more convenient to create a function that is dependent on both the direction and Beaufort 

scale, without the need of a table. The need of a table creates a more complex regression process, since a 

separate regression is required for each wind direction. Therefore, the model is remade and compared to the 

original model. The wave and wind adjustments according to the original factor, can be proven to be 

represented by the function model shown in equation (8.6). 

 exp( )wwf a b c Beauf d WindDirection       (8.6) 

 

10.2 REATTEMPT OF IMPROVING THE PERFORMANCE MODEL, ITERATIVE APPROACH 

Before Fredrik Bender was finished with his master thesis, he made an attempt of improving NYKCool’s 

performance model by iteratively making a regression on the separate models within the performance model 

and using the new “refined” models for another regression. The procedure is illustrated in Figure 42. 

 

Figure 42: The specific procedure of Fredrik Benders attempt to refine the 
performance model. The order of which the method analyse the models 
within the performance model is principal and might not represent the same 
order used by Bender. 
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The process starts at (1) with an initial guess of the coefficients. The initial guess is the best known coefficients 

at that time. At (2) the method makes separate regressions on the models within the performance model. At 

each regression the latest versions of the models normalises the reported consumption, such that it is not 

affected by any other phenomenon but the relation of which is to be analysed. When the complete 

performance model has been analysed the procedure moves on to (3) at which the sum of the squared 

residuals is calculated and compared with the termination criteria. The procedure moves further if necessary to 

(4...)  and attempts to refine the models separately again, using the new versions of the models that were a 

result of the previous iteration. The method checks the residuals again and continues with the same procedure 

until the termination criteria is met. 

Fredrik Bender’s attempt did not however converge. Bender suspected that the cause of the result could 

possibly be the flawed consumption-speed model that was used at that time. Therefore, the intention is to 

remake the attempt with the new refined consumption-speed model. Using the same procedure as described 

in Figure 42, with the new deadweight model and the hull fouling factor, the method still do not converge. The 

scatter within the SDD increases with each iteration. A draft of the results is shown in Figure 43. The R-square 

values are close to zero or negative. 

 

Figure 43: A draft of the results acquired after 50 iterations. 
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10.3 NEW APPROACH OF ATTEMPT OF IMPROVING THE PERFORMANCE MODEL 

One possible flaw of Bender’s iterative approach is that it fits the data iterative for each model. It would be 

ideal to fit all of the models in the same iteration, letting the regression method choose the optimum way to 

iterate the model. For this approach the separate models within the performance model is merged into the 

same expression and simplified, according to equation (8.7). The simplification and redefining of the factors 

result in a performance model consisting of two parameters less compared with the original. 

 
 3 2

1 2 1 _ 1 2 3

1 1

wind Since dry dockc Beuf c Dir d days p V p V p V

PerformanceModelQ a b dwt e
          

     (8.7) 

The parameters to be determined are the parameter vector  
1 1 1 2 1 1 2 3
, , , , , , ,a b c c d p p p  . The individual 

model parameters have been clarified by using different letters and the numbers represents the parameters 

within the same model.  The parameters are explained as: 

a: a general levelling parameter, 

b: the deadweight factor model 

c: the wind & wave factor model 

d: the additional hull fouling factor model 

p: the consumption-speed relation model 

Note that the factor model for swell has not been applied within this new approach. The swell model has in 

reality a very little practical meaning since it only adjusts the consumption in extreme cases, rarely observed 

within the SDD. As a result, the swell was removed within this model. It might however be a good idea to 

implement the swell model, in its current form, in future work with the performance model. 

The results of this approach are however disappointing as different algorithms, initial values etc. either makes 

the regression to diverge or create unlikely results. A Nonlinear regression using a Levenberg-Marquardt 

algorithm creates the following results for the parameters: 

Table 6: The parameter estimates according to the non-iterative approached 
regression results. 

Parameter Estimate Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

a1 24,000 ,000 24,000 24,000 

b1 -3,682E-21 ,000 -5,882E-8 5,882E-8 

c1 ,010 ,000 ,010 ,010 

c2 ,010 ,000 ,010 ,010 

d1 ,010 ,000 ,010 ,010 

p1 ,020 ,000 ,020 ,020 

p2 ,070 ,000 ,070 ,070 

p3 ,350 ,000 ,350 ,350 
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One effect observed when testing different initial values and algorithms, was that the regression in many 

attempts seemed to converge to solutions where many parameters influence on the consumption where 

neglected. In other words, some parameters converged to zero. It is possible that the very complexity in the 

performance model and the coarseness of the fitted data creates difficulties for the regression method to 

identify the separate relations. There are eight different parameters within five different functions that 

describe the behaviour of one variable, the bunker consumption. It is easy to understand that the complexity of 

the problem might introduce severe difficulties for this approach to be successful. There are too many 

solutions to the same problem. Many of them are unnatural. If more time and investigations were put into this 

problem, it could be possible to find a method that helps the regression to identify natural solutions. One 

approach of doing this is to use an iterative approach, as made by Bender. 
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11.0 DISCUSSION 

The S-shape 

A lot of the discussion and investigation has been focused on the typical S-shape behaviour of the 

consumption-speed relation. The report has confirmed that the S-shape is expressed in the SDD material with 

the current performance model. However, it is of course dependent on the assumption that the performance 

model is accurate. Therefore, the behaviour has been compared with empirical methods acknowledged 

globally to be good estimations of the resistance. The empirical methods confirms the typical behaviour that 

the S-shape expresses as a physical phenomenon, but it also suggests that the decreasing inclination of the 

resistance is not a valid phenomenon concerning the specific particulars of the ships treated in this report. In 

other words, the specific results of the empirical methods reject the S-shape. As a result, the very existing of 

the S-shape needs to be questioned as an illusion created in the material of unknown effects or perhaps an 

illusion created by the models themselves. However, the literature expresses some warnings of inaccuracy in 

the methods yet the extent of the inaccuracy is not even vaguely expressed. It is therefore not acceptable to 

accept the empirical methods as absolute accurate without any experience of how the methods relate to 

reality. It is also claimed that the methods needs to be supplemented by practical experiments, which would 

mean the SDD in this case. The problem circles around itself and it is difficult to make any certain conclusions. 

For this problem, more investigations need to be made in order to conclude the existing of the S-shape. 

When discussing the S-shape a lot of intention is focused on the high-speed area, close to the top-speed of the 

ships. In practice, the importance of the top-speed region is not that important. The ships are rarely operated 

in these speeds, even though it does occur. There is however a different perspective to the problem in the top-

speed region. If the high-speed behaviour is an illusion created by operational conditions not yet accounted for 

or perhaps mistreated by the performance model, the possibility of this effect affecting other speed ranges is 

evident. The fact that the symptoms are visual only in the top-speed region do not necessarily mean that it do 

not affect other regions. Therefore, it is vital to investigate and attempt to understand if this S-shape really 

exists. If not it might be crucial to understand how it is created and try to model the operation conditions based 

on this understanding. 

Conditions that might explain S-shape 

If the S-shape could be considered as an illusion, there should exist rational explanations to this behaviour. 

Even if such occurrences have not been fully discussed until present, there exist thinkable causes that could 

possibly take the shape of the particular declination of the bunker consumption. There is no or little evidence 

of such effects presented in this report, but it is still important to discuss. The theory is that these thinkable 

effects are consequences of the very limitations of propulsion power in the top-speed range. 

One ship can have different loading scenarios or different operational conditions, such as water salinity and 

global currents. The fundamental idea here is that the ships resistance can be altered by outer conditions or 

ships loading condition. It is clear that all of these factors affect the top-speed of the ship. The top-speed of the 

ship is a balance between the propulsion power and the resistance of the ship. The top-speed is clearly less for 

a heavily loaded ship than for a non-loaded ship. The actual consumption is always adjusted to the 

corresponding banana loading condition, but there are never any adjustments to the speed. Of course, it easy 

to believe that there is no need to any adjustments since the speed is reported in the SDD, or is it necessary? 

As can be observed in the SDD content table, the reported speed or the calculated speed is the speed over 

ground based on data supplied by the global positioning system. As a result, the actual experienced speed on 

the water is not considered. Any global current that speeds up or slows down the ship, or any other resistance 

interference, affects the top-speed of the ship. Nonetheless, there is still one variable that will be hold constant 
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at all of these conditions, and that is the bunker consumption. The bunker consumption at full power is not 

influenced by the resistance, but by the very limitations of the engine. Due to engine dimensions and 

components, the engine can only consume as much fuel it can swallow and then again exhaust. This is limited 

by the engines inlets and outlets dimensions, ability to compress air and cooling efficiency.  In full power, the 

consequence is that the same consumption can be measured for different speeds. Furthermore, these effects 

can be affecting the whole speed range, not only the top-speed. However, it is only at the very top-speed that 

the effects will become visible as the typical S-shape. Alternatively, that is at least the idea. The possible 

phenomenon is graphically illustrated in Figure 44. 

 

Figure 44: An illustration of how different operational conditions can create 
the declination in bunker consumption when the main engine runs for full 
power. 

The reasons to why some of the effects, like global currents, is not accounted for today, is the idea that if the 

average of the data is calculated for enough time, the difference will cancel each other out. For some of these 

effects, that is probably true. In order for the difference to cancel each other out, it is crucial that the 

difference either behaves random or that the error is equally sized on both side of the added and reduced 

resistance. With the example of the global currents, the situation might be different. According to discussions 

with Eriksson, the ship travels back and forth of its given path about four or five times at the time of the 

running average of eight hundred hours. The power of the global currents is more or less constant at these 

topical time intervals. That means that if the ship is travelling along a global current two times and against it 

two times, the sum of the added and reduced consumption of these four trips is about zero. If the ship 

however has enough time to take an additional single trip along the current, the consumption will become 

affected with as much as one of these trips affects the consumption, regardless if it is on the plus or minus side. 

Therefore, in the example of the global currents, any calculations of the average consumption should in 

practice consider that the ship always makes even trips along a current in order to be certain that any rejection 

of the influence can be made. The global currents will as a result probably have a strong effect on, for example, 

the PF-trend diagrams which samples every eight hundred hours. This might explain why these in its current 

form are rather jumpy. In the case of the consumption-speed relation however, the effects might not be that 
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strong since these analyses of the model is based on about 18 years of data. Nevertheless, the effect can 

become crucial in the higher speed range, as the top-speed of 21.5 knots cannot be reached without any help 

from, for an example, a global current as demonstrated in Figure 44. 

The conclusion of the above thinkable occurrence is that any effects causing the declination of the 

consumption rate in the higher speed region has little influence on the rest of the speed range. Furthermore, 

since the practical importance of simulating a more or less rare occurrence, the implementation efforts contra 

the profit of it, must ultimately be left to be decided by NYKCool. There are however other scenarios when such 

effects becomes more important to simulate and that is the calculations of the PF-trend diagrams, for an 

example. Whenever a smaller sample of the data is considered, the calculations become much more sensitive 

for operational conditions that might be disregarded for bigger samples. Therefore, whenever NYKCool makes 

a PF-trend diagram for monitoring the performance of a ship, these factors is possibly more important to 

model. 

If the S-shape is an illusion, the effects creating the illusion are probably not today accounted for and therefore 

the consumption-speed relation must adapt to this fact. If this is the case, the S-shaped consumption is today 

the best model for the current performance model. If the performance model would take considerations to 

global currents and the change in speed, the consumption-speed model might change. 

The improvements importance 

The report has showed some results that would increase the accuracy in some narrow speed intervals. The 

practical implementation of this for judging the performance of the ship would probably not have a strong 

effect. All of the improvements are made within the confidence level and as the performance are monitored by 

calculating mean values of periods including speeds reported over the whole range; the real practical 

implementation of these results would probably not have a visual effect. Only if the ship happens to be running 

in the same speed within the narrow speed intervals then the improvement could become visual, but such an 

occasion must be considered as extreme. Observed within the PF-trend diagrams based on the new models, is 

that the oscillating behaviour still occurs and is not visually improved by the new models. It is therefore 

recommended to look into other possible models or investigations rather than investigating or implementing a 

new consumption-speed model in order to improve the PF monitoring. 

12.0 CONCLUSION 

The S-shape in the consumption-speed relation is in every investigation within this report confirmed to exist 

within the SDD, and it is with the best confidence that such can be concluded. The very cause to the behaviour 

and if the consumption should behave as the relationship suggests, cannot be concluded at this time. The 

strong declination in the highest speed region is probably caused by cooperation between operational 

conditions and propulsion limitations. While the acknowledged empirical methods of Guldhammer & Harvald 

and Holtrop & Mennen confirm this statement, there is no or little other evidence of such. Nonetheless, it is 

strongly recommended that further investigations is followed, as the PF-trend diagrams is much likely affected 

by these possible misguidance. 

 

  



 

65 

13.0 IDEAS OF FURTHER WORK 
Many different approaches could have been done in the investigations made within this report. As a 

suggestion, the investigation of banana and ballast differences and the PF-trend separations could have been 

investigated in a more statistical matter rather than the trial and error approach made within this report. The 

real relation between these should have been investigated by looking at diagrams of how the deadweight, for 

an example, differs with bunker consumption. If the deadweight is in question, the relation to other things 

must be investigated. The problem with this approach is that the scatter in the SDD makes it occasionally 

difficult to see any relation and the approach might not be successful. The approach used in this report has at 

least showed an indication of how the behaviour changes when conditions of the ship changes. Furthermore, 

indications show that the application of more models can increase the accuracy of the performance model, as 

shown in the last chapter. In further work, it is recommended to investigate the ability and possible 

improvements of implementing more models in the performance model used today. 
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APPENDIX A – CLASS DIVISIONS AND SHIPS PARTICULARS 
Table A1: The class divisions. 

This appendix shows the divisions of ships into classes in table A1. 

In addition, the number of reported data available in the SDD is 

presented at table A2. The filtered data points are data points that 

are available after filtering based on the distribution curve of each 

ship. 

 

 

 

 

 

 
 

 
 
      Table A2: The number of reports for the three classes.  

 
 
 
 
 
 
 

 
 
 
 
  

Class: Ships 

Ivory Ivory Ace 
Ivory Dawn 
Ivory Tirupati 
Condor Bay 
Eagle Bay 
Falcon Bay 

Family Ditlev Lauritzen 
Ivar Lauritzen 
Knud Lauritzen 
Jorgen Lauritzen 

Crown Crown Emerald 
Crown Garnet 
Crown Jade 
Crown Opal 
Crown Ruby 
Crown Sapphire 
Crown Topaz 

Class: Years of 
reports: 

Nr of 
reports: 

Ivory 82 23 979 

Family 57 15 994 

Crown 49 17 702 



 

68 

IVORY CLASS 

PRINCIPAL PARTICULARS 

Length (O.A.) 150.01 m 

Length (P.P.) 141.00 m 

Length (W.L.) Banana cond. 147.70 m 

Breadth (MLD.) 22.50 m 

Depth (MLD.) 13.20 m 

Designed Draft (MLD.) 9.05 m 

Draft Banana cond. (MLD.) 7.05 m 

Displacement  Banana cond. 12 521 ton 

CB Block coefficient 0.5442 

CP Prismatic coefficient 0.5657 

CW Water plane area coefficient 0.6390 

 

The speed boundaries are chosen by observation of the regression result and the speed distribution. Using a 

histogram, the specific upper and lower limit for the speed is chosen indirect by the number of observations 

observed in the staples of the histogram. The histogram divides the speed range of 0 to 25 knots into 50 

equally spaced intervals. These intervals are represented by the staple width, and the staple height represents 

the number of observations observed within the staple width. The following table shows the speed boundaries, 

presented as the minimum number of observations within these staples that are included within the research. 

SPEED BOUNDARIES 

 Ivory Class Ivory Ace Ivory Dawn Ivory 
Tirupati 

Condor Bay Eagle Bay Falcon Bay 

Original 100 100 100 100 100 100 50 

Ballast 100       

Banana 100       

Bad PF 10       

Normal 
PF 

200       

Good PF 100       

 
  



 

69 

CROWN CLASS 

PRINCIPAL PARTICULARS 

Length (O.A.) 151.99 m 

Length (P.P.) 139.40 m 

Length (W.L.) Banana cond. 135.74 m 

Breadth (MLD.) 23.00 m 

Depth (MLD.) 13.00 m 

Draught (EXT.) 8.668 m 

Draft Banana cond. (MLD.) 7.14 m 

Displacement Banana cond. 12 945 ton 

CB Block coefficient 0.5487 

CP Prismatic coefficient 0.5814 

CW Water plane area coefficient 0.6898 

 

The speed boundaries are chosen by observation of the regression result and the speed distribution. Using a 

histogram, the specific upper and lower limit for the speed is chosen indirect by the number of observations 

observed in the staples of the histogram. The histogram divides the speed range of 0 to 25 knots into 50 

equally spaced intervals. These intervals are represented by the staple width, and the staple height represents 

the number of observations observed within the staple width. The following table shows the speed boundaries, 

presented as the minimum number of observations within these staples that are included within the research. 

SPEED BOUNDARIES 

 Crown 
Class 

Crown 
Emerald 

Crown 
Garnet 

Crown 
Opal 

Crown 
Jade 

Crown 
Ruby 

Crown 
Sapphire 

Crown 
Topaz 

Original 50 50 50 30 50 30 30 30 

Ballast 100        

Banana 100        

Bad PF 50        

Normal 
PF 

50        

Good PF 50        
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FAMILY CLASS 
The table below shows the particulars of the Family class. The length at Water line for banana condition has 

been estimated by measuring the length at the approximate depth of 7.41 m on the General Arrangement 

documents for Ditlev Lauritzen. Estimations using measurements from ship documents have also been done for 

the block coefficient, prismatic coefficient and the water plane area coefficient. The water plane area 

coefficient is based on a very rough estimation and should be handled accordingly. 

PRINCIPAL PARTICULARS 

Length (O.A.) 164.33 

Length (P.P.) 150.60 

Length (W.L.) Banana cond; Est.   145.88 

Breadth (MLD.) 24.0 

Depth (MLD.) 15.7 

Designed Draft (MLD.) 10.1 

Draft Banana cond. (MLD.) 7.41 

Displacement Banana cond. 16 754 ton 

CB Block coefficient; Est. 0.64 

CP Prismatic coefficient; Est. 0.67 

CW W. P.  area coefficient; Est. 0.66 

 

The speed boundaries are chosen by observation of the regression result and the speed distribution. Using a 

histogram, the specific upper and lower limit for the speed is chosen indirect by the number of observations 

observed in the staples of the histogram. The histogram divides the speed range of 0 to 25 knots into 50 

equally spaced intervals. These intervals are represented by the staple width, and the staple height represents 

the number of observations observed within the staple width. The following table shows the speed boundaries, 

presented as the minimum number of observations within these staples that are included within the research. 

SPEED BOUNDARIES 

 Family Class Ditlev Lauritzen Ivar Lauritzen Jorgen Lauritzen Knud Lauritzen 

Original 50 50 50 50 50 

Ballast 50     

Banana 50     

Bad PF 50     

Normal PF 50     

Good PF 50     

 

 

 
 

 


